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Abstract 
The In Salah CCS project in central Algeria is a world pioneering onshore CO2 capture and storage project which 
has built up a wealth of experience highly relevant to CCS projects worldwide. Carbon dioxide from several gas 
fields is removed from the gas production stream in a central gas processing facility and then the CO2 is compressed, 
transported and stored underground in the 1.9km deep Carboniferous sandstone unit at the Krechba field.  
Injection commenced in 2004 and since then over 3.8Mt of CO2 has been stored in the subsurface. The storage 
performance has been monitored using a unique and diverse portfolio of geophysical and geochemical methods, 
including time-lapse seismic, micro-seismic, wellhead sampling using CO2 gas tracers, down-hole logging and core 
analysis, surface gas monitoring, groundwater aquifer monitoring and satellite InSAR data. Routines and procedures 
for collecting and interpreting these data have been developed, and valuable insights into appropriate Monitoring, 
Modelling and Verification (MMV) approaches for CO2 storage have been gained. 
We summarize the key elements of the project life-cycle and identify the key lessons learned from this 
demonstration project that can be applied to other major CCS projects, notably: 
 The need for detailed geological and geomechanical characterization of the reservoir and overburden; 
 The importance of regular risk assessments based on the integration of multiple different datasets; 
 The importance of flexibility in the design and operation of the capture, compression, and injection system.  
The In Salah project thus provides an important case study for knowledge transfer to other major CCS projects in the 
planning and execution phases. 
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1. Introduction 
 
The In Salah CCS project in central Algeria is a world pioneering onshore CO2 capture and storage 
project which has built up a wealth of experience highly relevant to CCS projects worldwide. Carbon 
dioxide from several gas fields, with a CO2 content of 1-10%, is removed from the gas production stream 
to meet the export specification of 0.3% CO2. After treatment at the Central Gas Processing Facility 
(CPF), using the MEA Amine process, the CO2 is compressed, transported and stored underground in the 
c. 1.9km deep Carboniferous sandstone unit 
at the Krechba field.  
Three long-reach horizontal injection 
wells are used to inject the CO2 into the 
down-dip aquifer leg of the gas reservoir 
(Figure 1). Injection commenced in 2004 
and since then over 3.8 million tonnes of 
CO2 have been stored. The storage 
performance has been monitored using a 
unique and diverse portfolio of geophysical 
and geochemical methods, including 4D 
seismic, microseismic, wellhead sampling 
(including tracers), down-hole logging, core 
analysis, surface gas monitoring, 
groundwater aquifer monitoring and satellite 
InSAR data. Routines and procedures for 
collecting and interpreting these data 
alongside routine gas field development 
operations have been developed, and 
valuable insights into appropriate 
Monitoring, Modelling and Verification 
(MMV) approaches for CO2 storage have 
been gained. 
 
Fig. 1. Field layout: Krechba Carboniferous reservoir and saline aquifer, In Salah Gas Development. 
 
Many aspects of this project have been reported elsewhere [1-6]. Here, we summarize the project and 
focus on the key lessons learned, based on the main elements of the project life-cycle:  
 The pre-injection data acquisition 
 The initial design of the monitoring programme 
 The risk register and the Quantitative Risk Analysis methods applied 
 Modelling and data integration efforts required to understand the storage behaviour 
 
We review the site performance to date, and especially the factors which control CO2 injection and 
storage performance in this low-permeability, faulted and fractured sandstone system. Of particular value 
at this site has been the novel use of satellite InSAR data to monitor ground strains related to subsurface 
injection pressure and the consequential rock mechanical response in the reservoir and overburden. Time-
lapse seismic and micro-seismic data have also contributed valuable new insights into the formation 
response to CO2 injection. Monitoring data has been used to update and refine the geological, 
geomechanical and flow dynamical models of the storage complex. 
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2. The Project Life Cycle 
1.1. Pre-injection data acquisition 
A pre-injection data collection programme was initiated prior to the start of injection in August 2004. 
This data collection programme was mainly focused on the gas field development, but with certain 
important components focused on CO2 storage. This included the baseline 3D seismic survey (1997), 
extensive core sampling and logging programmes (including image logs) in the new development wells 
and the CO2 injection wells, shallow aquifer sampling and headspace-gas sampling throughout the 
overburden sequence. A soil gas survey was also conducted around each of the new injection wells and 
samples were collected from the shallow aquifer water wells at the accommodation camp and the Central 
Processing Facility (CPF).  
1.2. The initial design of the monitoring programme 
A Joint Industry R&D Programme (JIP) was set-up at the start of the project to develop the monitoring 
technology and to cost-effectively verify secure long-term geological storage at the site. The objectives of 
JIP were to: 
1. Provide assurance that secure geological storage of CO2 can be cost-effectively verified and that 
long-term assurance can be provided by short-term monitoring.  
2. Demonstrate to stakeholders that industrial-scale geological storage of CO2 is a viable GHG 
mitigation option.  
3. Set precedents for the regulation and verification of the geological storage of CO2, allowing 
eligibility for GHG credits.  
 
The process of screening and selecting 
the chosen set of monitoring technologies 
applied at In Salah has been reported 
elsewhere [3].  The choices made were 
driven by a cost-benefit analysis (using 
the Boston Square) and resulted in a fit-
for-purpose monitoring portfolio. The 
final result is illustrated in Figure 2.  On 
the lower left of the Figure are all the 
technologies (low cost, high benefit) 
which proved affordable and beneficial to 
the project. On the lower right are 
selected focus technologies which were 
costly but nevertheless of high benefit  
notably 3D and time-lapse (4D) Seismic. 
Fig. 2. Summary of the monitoring portfolio implemented at the In Salah CO2 storage project. 
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Many of these technologies, such as core and well-log analysis and well-head fluid sampling, can be 
regarded as fairly standard practice in the oil and gas industry. However, several technologies have been 
specially developed for CO2 storage monitoring and have been pioneered, in terms of their application, at 
this project. The main technological achievements in monitoring CO2 storage at this project are 
summarized below. 
 
InSAR: Interferometric Synthetic Aperture 
Radar (InSAR) for CO2 storage monitoring has 
been pioneered at this site [3,5,7]. InSAR allows 
millimetre-changes in ground surface elevation to 
be monitored, and has proven especially valuable 
at the In Salah CCS site. By combining satellite 
data with rock mechanical models, InSAR has 
been used to monitor the geomechanical response 
related to sub-surface pressure changes caused by 
CO2 injection (Figure 3). This technology 
addresses a key question for CO2 storage, namely 
control and management of injection pressure. 
The technology is relatively inexpensive and 
allows regular surveys (typically 8 to 30 day 
intervals) of ground movements related to 
injection. The principle limitations are that 
careful data processing and geomechanical 
modelling are needed to properly interpret the 
results. Advanced coupled modeling has, 
however, allowed very detailed interpretations of 
the InSAR data to be made, including the 
influence of faults and fractures [5-9]. 
Fig. 3. Subsurface deformation inferred from InSAR data. 
 
3D/4D seismic: The repeat 3D seismic survey acquired in 2009 was designed with improved shot 
spacing and fold to gain better imaging of the storage interval and caprock sequence and to provide the 
first time-lapse (4D) seismic dataset. Much improved imaging quality was achieved relative to the 1997 
baseline survey and important 4D effects were observed. Two NW-SE trending linear features in the 
vicinity of the KB502 and KB503 CO2 injectors were observed as slight depressions (velocity/amplitude 
pull-downs) on the 2009 3D seismic. These features are aligned with the dominant fracture orientation 
and areas of uplift identified from satellite surface deformation (Fig. 4) and are clearly associated with 
CO2 injection. The degree to which these features represent changes in fluid saturation, pressure and/or 
fractures within the storage formation and overlying mudstones is difficult to determine. However, 
integration of the seismic data with InSAR, microseismic and subsurface datasets and models has allowed 
detailed models of the rock mechanical response to CO2 injection to be inferred [5-10]. 
Microseismic data: One microseismic pilot well, drilled to a depth of 500m directly above the 
trajectory path of the KB-502 injection well, was used to deploy a set of vertical 3-component geophones. 
Data has been recorded from mid-2009 and reveals over 1000 microseismic events, mostly related to CO2 
injection [10]. Because the array is currently limited to a single pilot well, event location is very limited. 
However, P-S arrival times, shear wave polarisation and time series analyses indicate that most of the 
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observed events are related to CO2 injection, and can be used in conjunction with other data to give an 
improved understanding of injection performance. 
 
Fig. 4. NW-SE linear features seen on 2009 3D seismic data compared with InSAR surface deformation data. 
 
Wellhead sampling and CO2 tracers: The wellhead and annulus fluid sampling and measurement 
programmes were established and samples have been collected every two months. Perfluorocarbon tracers 
have been added to each CO2 injection well stream so that CO2 detected in observation or production 
wells can be related to its source (and differentiated from natural CO2 sources). This has proved a highly 
useful method  mostly to confirm that CO2 detected in the gas producing wells is not related to injection. 
Two cases of CO2 breakthrough from injection wells have occurred. Firstly, breakthrough of CO2 to the 
appraisal well KB-5 in was observed in June 2007 [1], with the tracers confirming this was sourced from 
nearby injection well KB-502.  Secondly, the first breakthrough of injected CO2 to a production well 
(KB-14) was observed in July 2012, as predicted by the simulation model [6]. 
Core analysis: In addition to routine core analysis, special core analysis and mineralogical studies 
focussed on CO2 storage integrity have been conducted. This work includes development of new methods 
for triaxial rock mechanical testing and permeability measurement [11,12] and XRD, isotope analysis, 
backscatter SEM imaging, X-ray elemental analysis [13]. 
Shallow Aquifer wells: Five shallow aquifer monitoring wells have been drilled, one beside each 
injector, one in a remote control location and one between the KB-5 and KB-502 wells in the north of the 
field. Hydrological head, flow rates, and water geochemistry have been recorded to establish a baseline. 
Surface flux Monitoring: Three surface flux and soil gas surveys have been completed since injection 
started and soil flux equipment was installed at a number of sites around the field. Microbiology traverses 
and spot sampling have also been completed. Baseline (background) CO2 concentrations and seasonal 
variations have been established. To date no anomalies have been detected other than slightly increased 
CO2 levels around the legacy KB-5 well which has now been fully decommissioned. 
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1.3. The risk register and the Quantitative Risk Analysis 
Prior to injection start-up, a pre-injection risk register was prepared as part of the initial site 
assessment and used to design the monitoring programme (Table 1). Most of these planned monitoring 
activities were implemented, with the exception of gravity surveys which were found to give marginal 
benefit (due to the thin low porosity storage unit). Down-hole logging in injection wells proved to be 
difficult and expensive, and was only occasionally conducted during extended shut-in periods. 
Table 1. Key risks and proposed monitoring responses (pre-injection). 
Key Risk Monitoring Technologies  
Injection well problems Pressure monitoring, continuous wellhead and annual down-hole or through 
casing logging 
Early CO2 breakthrough into the  
hydrocarbon production wells 
Modelling, tracers, seismic imaging, observation wells, fluid sampling, wellhead 
and annulus monitoring 
Vertical leakage Seismic imaging, microseismic, shallow aquifer monitoring, soil gas sampling, 
surface flux, gravity, tiltmeters, satellite imagery 
Wellbore leakage Annulus monitoring, soil gas sampling, through casing logging. 
Legacy wellbore integrity Annulus pressure monitoring and CO2 surface flux monitoring 
 
Table 2. Modified risk register and monitoring responses (during operation) 
Key Risks Operational and Monitoring Response  
Risk of migration to the north (2008): InSAR data and 
updated reservoir modelling showed increasing risk of 
migration to the north(potentially outside the Krechba 
hydrocarbon lease). 
Acquisition of 2009 3D seismic; continued InSAR monitoring 
programme; shut-in of northern injection well KB-502; integrated and 
updated reservoir modelling. 
Loss of well integrity (2010): CO2 detected at KB-5 
wellhead indicated possible loss of well integrity. 
Plug-and-abandon operation at KB-5; increased frequency of wellhead 
inspections; additional focus on well-bore cement and CO2 
geochemical reactions. 
Vertical leakage into the caprock (2010): The 2009 
seismic data revealed new NW linear features aligned 
with the stress field, and InSAR data analysis indicated 
possible hydrofractures. 
Reduction of CO2 injection pressures; seismic reprocessing; 
microseismic data upgrade and analysis; integrated geomechanical 
modelling studies. 
 
A key feature of any monitoring programme is the ability to use the monitoring data to respond to 
field performance and operational developments. The In Salah CCS demonstration project has been an 
important example for understanding the value of various monitoring methods applied. Several 
Quantified Risk Assessments (QRA) have been conducted during the operational phase, integrating all 
available data to assess both the storage integrity and effectiveness of the storage complex [15].   
In 2008, the QRA identified two dominant risks for special focus: (i) the risk of migration to the north, 
and (ii) the loss of well integrity. The 2010 QRA identified a new dominant risk concerning the potential 
for vertical leakage into the caprock, based on the results of the integration of the new seismic, satellite 
data and dynamic/geomechanical models.   These risks were in the initial risk register (Table 1), but new 
data led to more precise definition of the risks and to approaches for risk mitigation (Table 2). 
6232   P. S. Ringrose et al. /  Energy Procedia  37 ( 2013 )  6226– 6236 
Following the 2010 QRA, the decision was made to reduce CO2 injection pressures in June 2010. 
Subsequent analysis of the reservoir, seismic and geomechanical data led to the decision to suspend CO2 
injection in June 2011. The future injection strategy is currently under review and the comprehensive site 
monitoring programme continues. Concerns about possible vertical leakage into the caprock led to an 
intensified R&D programme to understand the geomechanical response to CO2 injection at this site, 
summarized in the following section. 
1.4. Modelling and data integration 
The overall goals of the CO2 Storage modelling activities have been to:  
 Define and understand the dynamical processes in the storage unit that control injectivity and 
storage capacity; 
 Define and model potential migration pathways out of the storage unit which could affect long-
term storage containment.  
 
The In Salah JIP has developed numerous models and modeling approaches to describe and understand 
the well injection and monitoring datasets. Well and seismic data have been integrated into a set of 
geological and reservoir models using the best available modeling tools available in the oil industry and 
in the research community. These include static geological models (e.g. Gocad, RMS), multiphase flow 
models (e.g. STARS, Eclipse), fracture-flow models (e.g. Fraca, 4DMove) and geo-mechanical models 
(e.g. Abaqus, STARS, and Stimplan). These models have been used to inform operational decisions and 
to provide longer-term forecasts of the integrity and long-term security of CO2 storage at this site.  
The JIP has also benefited greatly from access to state-of-the-art modeling capabilities at the US 
Department of Energy National Laboratories at Livermore and Berkeley (LLNL and LBNL), and 
technical contributions from many research partners including the Norwegian Geotechnical Institute 
(NGI), NORSAR, Tele-Rilevamento Europa (TRE), and partners in the (EU-funded) CO2ReMoVe 
project. An extensive geomechanical and geochemical research programme has allowed us to integrate 
monitoring data with subsurface models in order to understand the CO2 injection and storage 
performance, as reported elsewhere [6-14]. 
These modelling studies have shown that structural geological and rock mechanical aspects of the 
storage system are most critical in the early injection phase, while characterisation of the pore space and 
the fracture flow becomes more important when considering the medium to long-term effects (10-1000 
years). The necessary data to characterise the storage unit include geological, geochemical, fluid 
dynamical and geo-mechanical data, both in the target storage unit and in the caprock and containment 
system. These datasets are of a greater range and scope than in conventional oil and gas reservoir 
characterisation studies. The importance of detailed characterisation of the caprock became increasingly 
apparent during the project, and several studies were done to characterise available cap-rock samples and 
to acquire improved 3D seismic with better imaging of the overburden sequence. 
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Considerable attention has been focused on injection performance and plume development around 
injection well KB-502, where a fault or fracture zone has behaved as a flow conduit for CO2 and a focal 
point for rock failure (in either tension or shear mode). Figure 5 illustrates the main observations at this 
location. Although all the processes involved are not fully understood, integration of all the available data 
(Figure 6) has led to many new insights into the rock mechanical response to CO2 injection. It is clear that 
CO2 injection has stimulated natural fractures at this location, and may have introduced new hydraulic 
fractures. Although these fractures do propagate upwards into the lower caprock (Fig. 5), they are 
unlikely to propagate further through the upper caprock. No leakage has been observed and all indications 
are that the CO2 remains safely contained within the storage complex. 
 Fig. 5. Sketch illustrating the main geomechanical observations around injection well KB-502. 
 
3. Key Lessons Learned 
 
The In Salah CO2 Storage project has been a highly informative demonstration project and the data 
gathered has been extensively studied and reported in the scientific literature. However, some important 
general lessons learned can be drawn from this project, as follows: 
1. Monitoring should be part of the Field Development Plan (FDP) and routine field operations. 
2. The suite of monitoring technologies to be deployed at any CO2 storage site mainly comprises 
standard oilfield techniques and practices, with surface monitoring methods derived from standard 
geotechnical and environmental monitoring practices. 
3. Satellite InSAR data has been especially valuable in understanding the geomechanical response to 
CO2 injection, but needs to be integrated with high quality reservoir and overburden data and models.  
4. The storage monitoring programme needs to be designed to address site-specific leakage risks 
identified in the selection phase, but also needs to be adapted during the operational phase. 
5. Legacy wellbore integrity is a key leakage risk that has to be effectively managed. 
6. Acquisition, modelling and integration of a full suite of baseline data, including the overburden, are 
vital for evaluating long term storage integrity. 
7. CO2 plume development is far from homogeneous and requires high resolution data for reservoir 
characterization and modelling. 
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8. Injection strategies, rates and pressures need to be linked to detailed geomechanical models of the 
reservoir and the overburden. Early acquisition of geomechanical data in the reservoir and 
overburden, including extended leak-off tests, is advisable. 
9. Regular Risk Assessments should be conducted to inform the on-going operational and monitoring 
strategies. 
 
Probably the most valuable legacy of the In Salah project will be the pioneering deployment and 
interpretation of a unique set of MMV technologies. These technologies and the corresponding lessons 
learned are summarized in Table 3. Further work on these methods continues at the In Salah project and 
at the small but growing set of worldwide CO2 storage projects. 
 
Fig. 6. Summary of monitoring observations around injection well KB-502. 
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Table 3. Summary of MMV technology applied and lessons learned 
MMV Technology As implemented at In Salah Lessons Learned for implementation elsewhere 
3D seismic baseline survey Acquired in 1997. Essential to the CO2 
storage design and well placement plan. 
Improved quality 3D seismic baseline survey with 
imaging of overburden is desirable. 
4D seismic monitoring First land time-lapse survey for CO2 
monitoring acquired in 2009 (5 years after 
injection start). 
Significant benefits for overburden imaging and 
time-lapse responses with improved acquisition 
plan (but this is expensive). 
Microseismic monitoring Only one pilot well with a vertical array of 
geophones over one injector has been 
deployed.  
Microseismic data has been very useful for 
monitoring geomechanical response to injection. 
Consider deploying a full array with relatively 
cheap shallow wells. 
Satellite InSAR monitoring Both C-Band and X-band InSAR data 
acquired routinely during injection period 
(from 2007 and onwards). 
Extremely valuable and cost effective monitoring 
data for onshore CO2 injection sites. Needs 
calibration (e.g. Digital GPS) and careful 
processing of atmospheric and surface artefacts. 
Tracers in CO2 injection wells  PerFlouroCarbon gas soluble tracers 
(PMCH, PDMCH, n-PPCH) used in each 
injection well. 
Valuable and cost effective method for checking 
the origin of CO2 observations at wells and in the 
storage complex. 
Core analysis (storage unit) Routine core plugs and SCAL data 
collected for reservoir intervals. 
Good petrophysical data is essential. Rock 
mechanical properties are especially critical. 
Core analysis (caprock unit) Some caprock samples were acquired 
close to the injection interval. 
Core sampling throughout most of the caprock 
interval is desirable for long-term storage integrity 
assessment. 
Well log data Routine petrophysical logs throughout; 
Image logs and array sonic on selected 
wells; LWD in horizontal well sections. 
An advanced array of well logging tools is highly 
valuable; resistivity image logs and array sonic  
especially useful for storage integrity issues. 
Soil and surface gas sampling Surface gas (open path laser system); soil 
gas probes (flux and penetrative tubes); 
Barasol and passive gas (charcoal) devices 
deployed in several campaigns. Natural 
low-level CO2 variations observed. 
Need for more reference data on natural CO2 
variations in different environments and associated 
seasonal fluctuations. 
Groundwater monitoring wells Five groundwater monitoring wells drilled 
to ~350m depth; pump tests and down-
hole geochemical sampling; low CO2 
concentrations observed (compatible with 
limited soil-zone productivity). 
Establishing local and regional hydraulic gradients 
and natural variations in water chemistry is 
essential for establishing a useful baseline for 
groundwater hydrology. 
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